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ABSTRACT: Exploring the mechanism of specific salt effects
in electrolyte solutions is an old and attractive subject. It has
been gradually realized that the competition at the molecular
level plays an important role. Aiming to include molecular
details as many as possible, we combine molecular dynamics
(MD) simulations with a molecular theory to study specific salt
effects on poly(ethylene oxide) (PEO) solutions with the
addition of monovalent salt. Radial distribution functions
obtained from MD simulations provide microscopic structures
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of different components as well as interactions between various species. On the basis of these interactions, we construct the
molecular theory with four assumptions: (1) an ion along with bound water in the first shell works as a single entity; (2) short-ranged
interactions among various species are modeled as hydrogen-bonding interactions; (3) the ability of a hydrated ion to provide
donors/acceptors for hydrogen bonding is governed by the charge density; (4) contact ion pairs are included, especially in the cases
of small cations. The molecular theory is generalized with the explicit inclusion of ion—PEQ, ion—water, ion—ion, water—water,
and water—PEO hydrogen bonds. This means the molecular-scale structure and interaction are included within the frame of the
theory. Theoretically calculated cloud points verify that the salting-out ability for alkali metal ions follows the series of K© > Rb™ >
Cs" >Na' > Li", whichis in agreement with the experimental observations. Here, the competition among ion—PEQ, ion—water,
and water—PEO interactions and the impact of steric repulsions induced by the introduction of ions are two essential factors
determining the phase behavior of PEO solutions. The combined methods bridge the microscopic interactions and structures to the

macroscopic behavior.

I. INTRODUCTION

Poly(ethylene oxide) (PEO) has good solubility in water at
room temperature and undergoes phase separations at high
temperatures. And at even higher temperatures, PEO shows
good solubility again.'~* The aqueous two-phase systems have
been successfully used for the se;)aration of biological materials as
a nondenaturing environment. S Both for the academic interest
in the loop behavior of phase diagrams and for the practical
importance in chemistry, biology, and food science, numerous
fundamental studies, including experiments,F9 theories,'®~
and computer simulations,"*”'® have been published during
recent decades. The mechanism of the phase separation in
PEO solutions is attributed to the competition between the
formation of water—PEO and water—water hydrogen bonds.
Moreover, PEO is the one of stimuli-responsive polymers whose
behaviors largely depend on environment conditions, such as
temperature, pH, and salt concentration.'? Experiments have
shown that either the cloud point or the viscosity of PEO
solutions changes dramatically with the addition of salts.>**°
The explanation given by previous work™® suggested the exis-
tence of a salt-deficient zone near the polymer. Although these
ideas were used to predict the decrease of cloud point as the salt
concentration is increased, the mechanism at the molecular level
is still unclear. In order to disclose it, two basic questions need to
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be answered properly: (1) what is the salt effect on water, and (2)
what is the salt effect on PEO?

The first question was addressed more than 100 years ago.”®
Traditionally, ions are divided into two groups according to the
ways that they change water structure.”” >' One group is
structure-making, which strengthens water—water hydrogen
bonds and leads to more ordered water structure. The other is
structure-breaking, which weakens water—water hydrogen
bonds and results in more disordered water structure. The
Hofmeister series has been concluded to rank the ability of ions
to change water structure based on experimental observations.
Interestingly, the series is quite universal in various systems, such
as protein precipitation,®” enzyme activity,> bacterial growth,>*
and so on. However, these empirical conclusions are insufficient
to provide the subsequent physical pictures originating in the
subtle interactions at the molecular level. The microscopic
mechanism of the Hofmeister series has started to be uncovered
during the past 25 years with the development of new techniques
and computers. Unfortunately, the new perspective provides
a different picture from the traditional explanation.>®
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A fundamental point of view is that the effect of ions on water
structure is very local, not global, as supported by recent
experiments*®”* and simulations.**™* Tt turns out that the
concept of structure-making and structure-breaking is mislead-
ing, since the change of water structure caused by the presence of
ions was exaggerated.

The second question relates to the specific nature of the solute
and to the fact that specific salt effects usually depend on distinct
salt—solute interactions. For instance, researchers*™* investi-
gated hydrophobic interactions between hydrophobic particles
and found different salt effects depending on the size of particles.
Another experiment® studied the salt effects on the lower critical
solution temperature (LCST) of PNIPAM and showed the
decrease of LCST caused by anions in different ways relying
on various anion—PNIPAM interactions. Furthermore, it was
observed®" that the deswelling extent of poly(styrenesulfonic
acid) (PSSA) hydrogel in solutions with selected cation chloride
salts deviates, and in some cases even reverses, the expectations
from the Hofmeister series. These findings were attributed to
specific interactions between ions and PSSA. Hence, it has been
accepted that the Hofmeister series may have different origins
based on various salt—solute interactions,”** which implies that
specificion—solute interactions should be considered properly in
order to get the correct mechanism of specific salt effects in
different systems. However, it is a complicated task to describe
the subtle interactions in electrolyte solutions due to the
existence of multiple components.

Various theoretical models have been put forward in the field.
In order to fit experimental data, semiempirical models*®*3~%
have been established, which include some adjustable parameters
because of the lack of microscopic knowledge. Instead,
a statistical mechanical modeling®”*® is a more consistent way.
However, one big challenge is how to describe the molecular-
scale structures and interactions. To overcome it, we first per-
form MD simulations on PEO electrolyte solutions. At this stage,
microscopic structures and interactions of each type of molecule
can be obtained by the analysis of radial distribution functions
(RDFs). Second, we are able to establish a statistical thermo-
dynamic theory based on the knowledge of molecular-scale
structures and interactions. Moreover, the size, shape, and
conformation of each molecular type are considered explicitly
within the frame of molecular theory. Third, cloud points of PEO
electrolyte solutions can be calculated from the theory as well as
microscopic information. By comparing the theoretical results
with experimental measurements and analyzing microscopic
interactions, we can explore the molecular mechanism of the
specific salt effects on PEO electrolyte solutions.

Il. MD SIMULATIONS

MD simulations are performed on PEO electrolyte solutions
at a fixed PEO concentration of 1 wt % and temperature of
100 °C. Two polymer chains with the number of segment N =25
and more than 6000 water molecules are included. Five types of
salts are studied, which are LiCl, NaCl, KCI, RbCl, and CsCl. Salt
concentrations are chosen within the range of 0—1 M. OPLS-
AA> % force fields are used for PEO chains and salts, and the
model for water is TIP4P. First, we perform NPT simulations
over 4 ns to reach equilibrium densities at a pressure of 1 bar.
The production runs are preformed in the NVT ensemble over
30 ns. All simulations are carried using the GROMACS 4.0.7
package.®®
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Figure 1. (a) Schematic representation of bound water within the first
hydration shell around cations of different sizes. Orange, blue, and red
spheres represent cation, oxygen, and hydrogen of water, respectively.
(b) Cation—oxygen radial distribution functions at the salt concentra-
tion of 0.5 M. Solid lines with symbols are for five different cations: circle
for Li', square for Na', diamond for K, triangle up for Rb", and
triangle down for Cs". The dashed line with open circle is the oxygen—
oxygen radial distribution function in the salt-free case.

Figure la provides a schematic representation of the forma-
tion of the first solvation shell around the ions, where bound
water molecules are oriented around the small cation, and thus
the electric field of the ion is efficiently shielded by the
reorientation of bound water.*>**~%” The hydrated structures
of alkali mental ions are well reflected by cation —oxygen radial
distribution functions in Figure 1b. The common character of
these five RDFs is that the first peak is very pronounced, while
the second is weak. It confirms the view reported in the
previous paper’® that monovalent ions only affect the first
water layer. From Li" to Cs™, the first peak becomes lower and
further away, indicating the decaying ion—water interaction
and the loosing of the hydration shell as the size of cation is
increased.

It is known that within the first hydration shell both ion—
water and water—water interactions are important. To com-
pare these two types of interactions, the oxygen—oxygen RDF
for the case of salt free is given in Figure 1b. We find that the
peak of oxygen—oxygen RDF occurs between the one of K —
oxygen and that of Rb" —oxygen RDFs, which indicates that
ion—water interaction is stronger than water—water interac-
tion in cases of Li", Na™ and K, while the opposite is true for
Rb" and Cs™. This fact also explains why water molecules are
weakly bound around large cations. Similar results were
obtained in previous studies,®®””® which suggested that water
molecules are strongly bound only within the first hydration
shell of small cations.

According to the existence of the important first peak of
cation—oxygen RDFs in Figure 1b, we can argue that the water
molecules in the vicinity of ions are closed packed. That is to say,
the local water structure around ions changes dramatically, as
compared to the pure water. The question that arises then is: do
ions have the ability to change the global water structure? Figure 2
shows (a) oxygen—hydrogen RDFs and (b) oxygen—oxygen
RDFs with and without salt, where they display very similar
behavior. Here we check the water structure with different salt
concentrations in the range of 0—1 M and find they are almost
identical to the salt-free condition. This finding supports the
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Figure 2. (a) Oxygen—hydration and (b) oxygen—oxygen radial distribution functions at the salt concentration of 0.5 M. The dashed line with open

circle is the salt-free case.
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Figure 3. (a) Anion—oxygen and (b) cation—anion radial distribution functions with the inset of enlarged RDFs for large cations at the salt

concentration 0.5 M.

point of view that ion effects on the water structure are very
local*** Our conclusion is also in agreement with the data
by Bouazizi et al,”"”> where the salt effects on water structure
were systematically investigated for LiCl solutions’' and NaCl
solutions’* by combining X-ray scattering and molecular dy-
namics simulations. They provided similar behaviors of go 11 (r)
and go_o_(r) without and with salt under medium salt concen-
trations, as obtained in Figure 2. Particularly, we get positions
of the first peak of go 31 (r) (and go o (7)) at 0.183 nm (and
0.278 nm), which agree with the results obtained from LiCl
solutions”" (0.180 and 0.277 nm) and NaCl solutions’? (0.177
and 0.277 nm) well. Thus, only the local order of water structure
is induced by the addition of monovalent ions in the solutions.
Given this fact, it is reasonable for us to consider an ion with
bound water in its first solvation shell as a single entity. Usually,
the size of the hydrated ion is defined as the first minimum of
ion—oxygen RDF.

Anion—oxygen RDFs in Figure 3a provide the hydrated
structure of chloride in the five cases of different cations. It
may be expected that the distribution would be similar. However,
we find that only for large cations (ie, K, Rb*, and Cs™)
chloride—oxygen RDFs are the same. The case of Li* displays a
very different behavior as compared to the others, where the
height of the peak is lower and the width is larger. The distri-
bution for the case of Na™ shows a small deviation as compared
to the larger cations. These findings imply that there is a coupling
between cation and anion structures and hydration for small
cations. In order to better understand the coupling between
cation and anion, their mutual RDFs are shown in Figure 3b. The
figure shows that the peak of gi;ci(r) is very large, followed by
that of gnaci(r), as compared to those in large cation cases in the
inset. As the closest distance between cation and anion for Li"
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Table 1. Ratio of Contact Ion Pairs in Li" and Na™ at
Different Salt Concentrations

c (M)
0.1 0.3 0.5 0.7 0.9
Lit 0.41 0.50 0.52 0.54 0.56
Na® 0.10 0.18 0.24 0.27 0.31

and Na™, seen in Figure 3b, is compatible with the distance
between cation and the oxygen of water, seen in Figure 1b, we
suggest the existence of contact ion pairs, as reported in previous
papers.®>’>”* The ion pairs result from the strong attractions
between cations and anions, and they are more prevalent for
small cations, where the interaction at contact becomes very large
due to the 1/r dependence of the electrostatic potential. The
ratio of contact ion pairs to the total number of ion can be
calculated by integrating cation—anion RDFs to the first
maximum,®® which is shown in Table 1.

So far we have investigated the structure and interactions of
ions and water. Next we discuss the behavior of the polymers,
poly(ethylene oxide), in the salt solutions. Parts a and b of
Figure 4 provide the RDFs of EO—hydrogen and EO—EO,
respectively. The positions of the first peak of EO—hydrogen
RDFs appear at r = 0.2 nm, while those of EO—EO RDFs happen
at r ~ 0.5 nm. This implies the fact that hydrogen bonds are
formed between the oxygen of EO segments and the hydrogen of
water molecules. The height of a tiny peak in the vicinity of the
EO segment in Figure 4a reflects the extent of water—PEO
hydrogen binding. To verify the validity of the present simula-
tion, we try to compare our results on the salt-free case with the
work by Smith et al.,'® where the hydrogen binding behavior of
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Figure 4. Radial distribution functions of (a) EO—hydrogen with the inset of enlarged first peaks, (b) EO—EO, (c) EO—cation, and (d) EO—anion.

The salt concentration is 0.5 M.

PEO solutions was successfully studied. Following the definitions
of water—PEO (and water—water) hydrogen bonds (hbs) by
Smith et al,, we show that positions of the first minimum of
geon, (r) (and go 1, (r)) are at 0.26 nm (and 0.24 nm) and
numbers of water—PEO (and water—water) hbs are 1.14
(and 1.65) for the PEO solution with the concentration of 1
wt % and at the temperature of 100 °C. These results are very
close to those obtained by Smith et al, indicating that the
formation of water—water hydrogen bonds is stronger than that
of water—PEO hbs; namely, the first peak of EO—hydrogen
RDF is tiny. After the addition of salt, we find that water—PEO
hydrogen bonds tend to be broken. Moreover, the ability to break
water—PEQ hbs for various cations is different. In the inset of
Figure 4a we observe that from Li* to Na™ to K™ the extent of
breaking water—PEO hbs is strengthened. But from Kt toRb™,
and to Cs', the extent is weakened. Thus, water—PEO hbs
decrease mostly in K. To further study the influence of salt on
PEO, EO—cation RDFs and EO—anion RDFs are provided in
parts c and d of Figure 4, respectively. The appearance of the peak
in Figure 4c indicates the existence of cation—PEO association,
as has been observed in experiments.”> As the position of the
peak is smaller than 0.4 nm, the interaction between cation and
PEO is short-ranged. Given the fact that ions are bound with
water molecules, the simulations indicate that hydrogen bonds
are formed between the oxygen of an EO segment and the
hydrogen of water. Furthermore, the number of cation—PEO
bonds is found to strongly depend on the type of cations.
Figure 4c shows that EO—K ™ binding is the strongest. Combin-
ing parts a and c of Figure 4, we conclude that the more
EO—-cation bonds form, the more water—PEO hydrogen bonds
break. Figure 4d presents EO—anion RDFs, where no peak
appears. This means, as expected, that there are no attractions
between PEO and anion.

To summarize, MD simulations provide molecular details
about the microscopic structures and interactions of different
molecules, which are very useful for the development and
application of the following theoretical modeling,

Table 2. Radius, Coordinate Number, and Number of
Donors and Acceptors per Bound Water, Where the Unit of
Radius Is nm*

Li* Na© K" Rb" Cs* cl-
size 0.28 0.33 0.37 0.39 0.40 0.39
CN 3.0 5.0 6.0 7.0 7.5 7.0
donor 2 2 2 1 1 0
acceptor 0 0 1 1 1 2

“ For explanation see Appendix.

lll. MOLECULAR THEORY

We are interested in treating PEO electrolyte solutions, which
are composed of PEO, water, cation, and anion. Inspired by the
results from the MD simulations ions in the theoretical devel-
opment should be treated as hydrated ions, ie., an ion with
bound water molecules within the first hydration shell. Further-
more, the coupling between cation and anion in small cations
(Li" and Na™) requires that we take the contact ion pair into
account as an additional species. The numbers of different
species—PEOQ, water, hydrated cations, hydrated anions, and
ion pairs—are given by Np,|, Ny, N, N, and N _, respectively.
The chain of PEO has N segments, each with a volume v,,. The
volume of water is v,,. The geometry of cation/anion is assumed
to be spherical, with the radius determined by the first minimum
of cation—oxygen/anion—oxygen RDFs. Contact ion pairs are
modeled(simplified) as spheres, too, with the radius at the first
maximum of cation—anion RDFs.

The Helmholtz free energy density, free energy divided by the
total volume V, of the system has the following contributions:

S
ﬂj - Scon _ Z1: l 4 ﬁFinter + ﬁFassoc + ﬂUrep + ﬁFelec
|4 ksV  kgV |4 v v 14

(1)
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Figure S. (a) Cloud points of PEO solutions with PEO:water = 1 wt % with the salt concentration of 0.5 M. (b) Average fractions of cation—PEO (x,,)
and cation—water (x,,,) hydrogen bonds with the salt concentration of 0.5 M and the temperature of 100 °C.

The first term in eq 1 denotes the conformational entropy of
polymer chains, which is given by

% - %za: P() In P(c)) @)

where P(@) is the probability distribution function (pdf) of
finding a chain in conformation @, and the density of EO
segments is pp,.

The second term of the free energy describes the translational
entropy of the five species in the system.

> S
- :&l P — 1| +p [In p, v, — 1]
ksV N wl Pw

+py[Inp vy = 1]+ p_[ln p_v,, — 1]
oyl — 1] 5

where p; (i = p, w, +,—,+ —) are densities of different species,
respectively. Volume fractions can be expressed as ¢; = pw,
where v, represents the volume of each molecule.

The third term describes the effective intermolecular interac-
tion of PEO in the solution, which accounts for the solvent
quality, and it is expressed by

ﬁ F; inter

7= a1, #)

where y is a generalized Flory—Huggins-type parameter with the
expression of ¥ = B/T. The temperature is T, and B is a constant.

The fourth term accounts for short-ranged hydrogen-bonding
interactions. In a pure PEO solution, only water—PEO and
water—water hydrogen bonds need to be considered. After salts
are added, additional hydrogen bonds including water—ion,
ion—PEO, and ion—ion should be taken into account. According
to previous works,' 7 the free energy arising from the formation
of different kinds of hydrogen bonds is

ﬁFassoc = —In Zassoc (5)

where Z_ .. is a partition function and equals to

assoc = Lcomb | I

iyj

ij eXp ﬂAEyn,}) (6)

Here P_,,, is a combinatorial factor, which describes the number
of ways to form n;; hydrogen bonds between species i and j, where
iis a donor and j is an acceptor. For a specific type of molecule, it

is assumed to provide d; donors and a; acceptors. Consequently,

the combinatorial factor becomes’”

kK k 1
o § 18 (o B

(N
P k — —
j=1 (N;“; _ IZ nl])] i=1lj=1
=1

W;;in eq 6 is a probability of finding a donor i and an acceptor j in
the vicinity of each other and in the correct orientation to form a
hydrogen bond. The probability is expressed as'*

W, - <V> ®)

where v}, is a volume of the hydrogen bond between i and j. In
eq 6 AE;;is an energetic gain associated with the formation of the
hydrogen bond.

To determine the free energy of hydrogen bonding, the number
of donors/acceptors offered by each type of species should be
known. An EO segment has two donors. A free water molecule
acts as two donors and two acceptors. For various ions, Table 2
gives the radius, coordinate number, and the number of donors/
acceptors provided by each bound water molecule. The radius of
ions is defined as the first minimum of ion—oxygen RDFs. The
coordinate number (CN) is obtained by the integration of RDFs
to the first minimum, which depends on the salt concentration and
temperature. According to our simulations, when the salt con-
centration varies in the range of <1 M at the temperature of
100 °C, the change of CN is less than 0.5. Table 2 gives the average
number of CN for different conditions. We get the number of
donors/acceptors of different ions by multiplying the coordinate
number with the number of donors/accepteors per bound water,
except for Cs™. In that case, the number of water molecules in the
outer layer, instead of the coordination number, is considered.

The fifth term in the total free energy expression, eq 1,
represents the repulsive interactions of the system. These are
modeled as hard-core repulsions and can be written in the form

fe" = pra(dy+ b+ +o-+¢._) (9)

where 77 is a repulsive interaction field. The field is determined by
the requirement that the total volume is filled with either
polymers, solvents, ions, or ion pairs, Namely, we impose the
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Figure 6. Cloud points of PEO solutions (PEO:water = 1 wt %) as
functions of different salt concentrations less than 1 M.

packing constraint associated with the excluded volume interac-
tions having the form

b+ tb TP +o . =1 (10)

The last term of eq 1 accounts for the electrostatic contribu-
tion to the free energy. Although the monovalent ion has a net
charge, the closest distance between cation and anion (i.e., the
sum of their radius) is usually larger than (in large cations) or
close to (in small cations) the Bjerrum length, seen in Table 2.
Hence, the electrostatic interactions are neglected here. In
reality, the electrostatic contributions are partly included in the
hydrogen bonds and the explicit consideration of hydrated ions
and ion pairs. However, it is also clear that not all the electrostatic
contributions are included.

The total Helmholtz free energy density now becomes

ﬂVF _ %;P(Q) 1nP(a)+%[“pp%_ l]

+ pulln pv = 1]+ [In p vy — 1]
+p-[lnp_vy =1 +p, [Inp, v, —1]

X
+7¢P(1 - ¢P) + Z(ljpj {Zx,} In Xijj
w j i

(1w (1= X ) - S wan)]

i i

i

1

dp|l1-—2— |1 -1——
" Z & dip; ! dip;
dinVw
=2 ap Y (= )+ Bale,
j i
+o,Fd o+, _—1) (11)

where —BAF; is the gain in free energy of forming a single
hydrogen bond, which includes the energetic gain and entropic
loss: BAF;; = BAE; — AS;. According to ref 14, the enthalpy of
water—PEQ hydrogen bonding free energy AE,,,,/k is fixed at
2000 K, and the one of water—water AE,,,/k is chosen at 1800
K. The entropic loss is related to 1f), and given by AS;; = —In-
((1 — cosA;)/2), with A, = /835 and A, = 7/4.75. These
parameters were used to get phase diagrams of the bulk PEO
solutions, which were in a good agreement with experiments.'*

In the presence of salt, we choose AF,,,, = AF,,, =AF,,_=AF,,
=AF, . = AF, _and AF,,, = AF . The reason for the former
is that these types of hydrogen bonds are formed between water
molecules, either free water or bound water, while the latter is
hydrogen binding between water (free or bound) and PEO. In
eq 11, the average fraction of different hydrogen bonds x; is
introduced, which reflects not only the extent of hydrogen
bonding but also the liquid structure of solutions. It is defined as
nj
N (12)

where 1 is the number of hydrogen bonds. Nid; is a total number
of donors provided by species i.

By minimizing the free energy, eq 11, we can get specific
expressions of the probability distribution function P(0) of the
polymer conformations, densities for different species, and average
fractions of hydrogen bonding for equilibrium states, seen in the
Appendix. Using these equations, we get the minimal free energy:

ﬁlmm' Pp Fp Fp
% = 1 - - 1
nq+ n Vw Psy P

X
R ¢," — B+ E E xjap; (13)
w i j

From eq 13 two important physical quantities, the chemical
potential ¢ and the osmotic pressure I, can be obtained by the
appropriate deviation from the free energy. They are given by two
equations of B = [3(BFuin/V)/0#p)g, ¢ . and BI1 = Bug, —
ﬁ F min/ V

The cloud point is the point of phase transition. Below it, the
solution is homogeneous with the volume fraction of PEO ¢,
Above it, phase separation occurs; that is, the solution separates
into a polymer-rich phase with volume fraction (¢,;) and a
polymer-poor phase with volume fraction (¢, ). The cloud point
is determined by the equality of chemical potentials of the
polymers and osmotic pressures, i.e.,, t(Pp1) = (@) and T1(¢;)
= H(q)pz). We choose to preform calculations for PEO with the
molecular weight of 1020000 Da, which shows a cloud point at
100 °C in the pure PEO solution with the concentration of PEO:
water = 1 wt %. Using those conditions, we determine the strength
of the interaction parameter for which we get y = 117.35/T. The
other parameters that we use in the theory are the volume of water
to be 0.03 nm”® and the one of PEO segment is 0.065 nm”.

Figure 5a shows the change of cloud points of PEO electrolyte
solutions with the addition of different chloride salts at the salt
concentration of 0.5 M. The cloud points are not found to be a
monotonic function of the size of the ions. According to the
extent of the decrease in the cloud point temperature, alkali metal
ions can be ranked in the series of K" >Rb" > Cs" > Na' > LiT,
which agrees with the experimental observations.”>*' Moreover,
the decrease of water—PEO hydrogen bonds, obtained from MD
simulations in Figure 44, is in line with the series, which implies
that the decrease of cloud point roots in the breaking of water—
PEO hydrogen bonds. The question that arises then is, why does
the introduction of salt lead to the decrease of water—PEO hbs?
To address this point, the average fractions of cation—PEO
(%,4p) and cation—water (ix..,) are shown in Figure Sb. Both of
them show similar behavior, increasing from Li" to K" and
decreasing after K. This is because of the largest number of hb
donors provided by K, seen in Table 2. Meanwhile, we find that
%y is larger than x|, because of AF ., > AF ,, which means the
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Figure 7. (a) Averaged fractions of cation—PEO («x.,,) and cation—water (x.,,) hydrogen bonds and (b) cloud points of PEO solutions with the inset
of the change of entropy of PEO chains as functions of salt concentrations. All parameters are the same to the case of Li", except that the free energy of

cation—PEQ hydrogen bonding F,, is enlarged.

formation of cation—PEO hydrogen bonds is accompanied by
more cation—water hbs. That is, once cations bind to PEO, local
water molecules tend to form hydrogen bonds with cations
rather than PEO segments. Therefore, the hydrophobicity of
PEO is increased.

Figure 6 shows cloud points as functions of salt concentra-
tions. It can be seen that cloud point temperatures show a
large decrease at high salt concentrations, in agreement with
experiments,””>' where both cation—PEQ/cation—water hy-
drogen bonds and steric repulsions of the ions increase. Thus,
the salting-out phenomenon is distinct. Note that the specific salt
effects on PEO electrolyte solutions still follows the series of K™
>Rb" > Cs™ > Na™ > Li" for all salt concentrations.

So far we only consider conditions when the alkali mental ions,
and cation—water hydrogen bonds are more energetically favor-
able than cation—PEO hbs. But for other ions and polymers,
AF., > AF_,, is also possible. For instance, in PNIPAM
electrolyte systems,* strong ion PNIPAM binding is observed.
Here we choose AF, , = 2AF,,,, and keep all other parameters the
same to the case of Li". Our aim is to clarify the possible
difference in the macroscopic behavior that arises from the
change of microscopic interactions. Figure 7a displays the change
of x, and x, with the increasing salt concentration. The larger
value of x, is expected due to AF_, > AF_,,. But the cloud
point shows an unexpected behavior, as shown in Figure 7b.
Namely, the cloud temperature increases with the increase of salt
concentration. This effect indicates the appearance of salting-in.
Under this circumstance, the binding of cations to polymers does
not result in the formation of a large number of cation—water
hydrogen bonds. Therefore, water—polymer hydrogen bonds
are not weakened. The inset in Figure 7b shows the increase of
entropic difference of the polymer (AS) with the increasing of
salt concentrations. Thus, salting-in may happen in the case
having strong associations between ions and polymers, and the
theory can be used to predict either salting-out or salting-in
systems, which result from the specific incorporation of the
competing interactions.

IV. CONCLUSIONS AND DISCUSSION

The combination of simulation and statistical thermodynamic
theory is used to study the specific salt effects in PEO electrolyte
solutions. A good example of using this method was done by Luo
et al,”® who got a perfect agreement of ion distributions near a
charged planar surface between theoretical results and X-ray
measurements. Furthermore, recent works”> ™~ ®* have shown that
the method is useful in electrolyte solutions. In the present work,
PEO electrolyte solutions have been studied systematically. First,

radial distribution functions of ion—water, water—water, EO—
water, and EO—ions are extracted from atomic MD simulations,
which disclose characters of microscopic structures and interac-
tions of different species. Second, we generalize the molecular
theory to PEO electrolyte solutions, which includes the competi-
tion between the different interactions and possible hydrogen
bonding between the species. Four main characters at the
molecular level are taken into account, which are hydrated ion
structures, short-ranged hydrogen binding interactions, different
abilities for various ions to form hydrogen bonds, and the
existence of contact ion pairs. Third, we calculate cloud points
of PEO electrolyte solutions and get the salting-out ability for
alkali mental ions following the series of K™ > Rb" > Cs™ > Na™
> Li", as experiments reported. Moreover, our simulation results
on the influence of cations on the formation of PEO—water
hydrogen bonds also agree with the series. In conclusion, the
specific salt effects in PEO electrolyte solutions originate in the
competition among cation—PEQ, cation—water, and water—
PEO hydrogen bonds as well as the impact of steric repulsions of
ions. The macroscopic behaviors of electrolyte solutions, such as
salting-out and salting-in, are verified in the results of micro-
scopic structures and interactions.

Regarding the accuracy of the model, we should mention that
only monovalent ions and moderate concentrations (<1 M) are
considered here. For much higher salt concentrations, ion
clusters cannot be avoided, which are not included in the present
model. For multivalent ions their hydration structures become
complicated. These challenges are still open. However, this is a
successful try to explore the mechanism of specific salt effects in
PEO solutions with moderate salt concentrations by the com-
bined method, in which specific simulation information is
incorporated within a thermodynamic consistent framework
with which systematic studies can be carried out.

B APPENDIX

The number of donors/acceptors per bound water results
from the competition between ion—water and water—water
interactions within the first hydration shell. For small cations,
such as Li* and Na™, the molecular dipole of each bound water
molecule tends to align along the cation—oxygen line under the
influence of strong ion—water interactions, and two hydrogens
remain as two donors for the hydrogen binding with other
molecules. For K, ion—water interactions become comparable
to water—water interactions. The reorientation of bound water is
not distinct, where each bound water molecule is assumed to
offer two donors as well as one acceptor. For a large cation, like
Rb+, water—water interactions exceed ion—water interactions
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even in the first hydration shell. Except for hydrogen bonds
between bound water themselves within the first hydration shell,
each bound water is assumed to provide one donor and one
acceptor for the hydrogen bonding with other molecules. For the
largest cation Cs", the ion—water interactions become very weak
so that the averaged distance between Cs™ and water is larger
than that of two water molecules. The formation of two-layer
structure of bound water molecules within the first hydration
shell, called open-work structure,®> ¢ is observed. Typically,
four water molecules stay in the inner layer, and others remain in
the outer layer. Hence, only bound water molecules in the outer
layer have contributions to the hydrogen bonding between Cs™
and other molecules. Each of them offers one donor and one
acceptor too. For Cl, its bound water is suggested to provide
two acceptors because the reorientation of the bound water
under the influence of the negative charge leads to the oxygen out
of the hydration shell for hydrogen binding with other molecules.
This also is the reason why no associations between anions and
PEO are observed in Figure 4c. Contact ion pairs do not provide
donors/acceptors since bound water are strongly reoriented
under the influence both from cation and anion.

Different expressions by the minimization of free energy,
eq 11, are shown in the following. The probability distribution
function P() of the polymer conformations yields

P(a) = lexp { X N, (1.0 — 2¢,,)
q Vw

—BaNv, —2NIn(1— Y xp)|  (14)

i

where q is a normalization constant ensuring » o P(0) = 1. It can
be concluded from the equation of P(@) is independent of the
conformation, and therefore, unlike the theory in inhomoge-
neous environments, the conformations of the chains do not
change their probability depending on the solution. Thus, the
chain conformations are uncoupled to the thermodynamics.

Densities of free water, cation, anion, and contact ion pair are
given as in the following:

1
= —exp| — fav, —2In(1 — -
Py vweXp[ Py n( El_ Xiw)

wajuipj
AT I e — 15
B 20, (1s)

1
Py = —expl_ﬂmbr —ay In(1— in+)

S
—d,In|1-1—— 16
) . (16)
1
p_ =—exp| — prv- —a_In(1
fojajpl
]
- zi:xif)_df 11'1 1_? (17)

and

1
py— = —exp[— fav,] (18)
The average fractions of hydrogen bonding among different
species are

| Tlmden (19

i

From eqs 15 to 17, it is concluded that densities of free water,
cation, and anion rely on the fractions of hydrogen bonding,
while eq 18 reflects the density of contact ion pair originating in
the osmotic pressure of the solution and does not relate to the
hydrogen bonding, because contact ion pairs provide neither
donors nor acceptors. Moreover, eq 19 indicates that average
fractions of hydrogen bonding relating to the density of species,
which can offer donors or acceptors. So densities of different
species for PEO—salt solutions and average fractions of hydro-
gen bonding are coupled in a nonlinear way.
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B NOTE ADDED AFTER ASAP PUBLICATION

This paper was published on the Web on February 14, 2011, with
minor errors in equation 19. The corrected version was reposted
on February 17, 2011.
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